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Abstract
Ultrasound imaging with high resolution and large penetration depth has been increasingly 
adopted in medical diagnosis, surgery guidance, and treatment assessment. Conventional 
ultrasound works at a particular frequency, with a −6 dB fractional bandwidth of ~70 %, limiting 
the imaging resolution or depth of field. In this paper, a bi-frequency co-linear array with resonant 
frequencies of 8 MHz and 20 MHz was investigated to meet the requirements of resolution and 
penetration depth for a broad range of ultrasound imaging applications. Specifically, a 32-element 
bi-frequency co-linear array was designed and fabricated, followed by element characterization 
and real-time sectorial scan (S-scan) phantom imaging using a Verasonics system. The bi-
frequency co-linear array was tested in four different modes by switching between low and high 
frequencies on transmit and receive. The four modes included the following: (1) transmit low, 
receive low, (2) transmit low, receive high, (3) transmit high, receive low, (4) transmit high, 
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receive high. After testing, the axial and lateral resolutions of all modes were calculated and 
compared. The results of this study suggest that bi-frequency co-linear arrays are potential aids for 
wideband fundamental imaging and harmonic/sub-harmonic imaging.
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I. Introduction
In conventional ultrasonography, tradeoffs exist between imaging resolution and penetration 
depth [1, 2]. Imaging with low frequency ultrasound can result in images with large 
penetration depths, but with low resolutions, while imaging with high frequency ultrasound 
offers higher spatial resolutions and shallower penetration depths. Therefore, transducers or 
arrays with wide bandwidths, for example from 5 MHz to 20 MHz, are highly desirable for 
the diagnostic medical imaging of different targets [3 - 10] in regards to optimal imaging 
resolution and penetration depth.
In addition to standard fundamental B-mode imaging, a broadband transducer is useful in 
harmonic imaging and sub-harmonic imaging. Harmonic imaging modes are desirable 
because they show less near-field and side lobe artifact, and have better signal-to-noise ratio 
(SNR), cleaner images, and overall, higher resolutions [11]. Moreover, harmonic imaging 
can be used in conjunction with ultrasound contrast agents (UCA) to improve the 
visualization and assessment of cardiac cavities, large vessels, and tissue vascularity. Sub-
harmonic imaging in particular has been shown to achieve very high agent-to-tissue ratios 
because the contribution of tissue is minimal at acoustic pressures currently used in 
diagnostic ultrasound [12].
In order to achieve the advanced ultrasound imaging mentioned above, numerous studies on 
broadband transducers and arrays have been conducted. The usage of piezoelectric 
composite materials is an effective method to increase the bandwidth of a piezoelectric 
ultrasound transducer. 1-3 piezoelectric composite materials have favorable merits including 
high electromechanical coupling coefficients for broad bandwidth, low acoustic impedance 
for better acoustic matching, and relatively easy formation of complex shapes [13 - 16]. 
Compared to solid ceramic transducers, 1-3 piezoelectric composite transducers have been 
shown to dramatically increase the fractional bandwidth [17 - 20], although the fabrication 
of composites is more complicated.
Another approach to achieve a broadband transducer or multi-frequency application is to 
adopt a multi-layer transducer structure. A number of dual-layer transducers have been 
developed to achieve imaging at multiple frequencies. De Fraguier et al. designed a bi-
frequency transducer with only one active layer, which functioned in both half wavelength 
mode and quarter wavelength mode by tuning the impedance of the backing layer [21]. This 
bi-frequency transducer worked at 2.4 MHz for Doppler imaging in quarter wavelength 
mode and 4.6 MHz for B-mode imaging in half wavelength mode. Saitoh et al. reported a 
dual frequency ultrasound probe that could be used to obtain Doppler imaging (3.75 MHz) 
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and B-mode imaging (7.5 MHz) simultaneously [22]. This probe included two PZT layers 
with thicknesses of 270 µm and 190 µm, respectively, which were poled in opposite 
direction and bonded together to form the multi-frequency transducer. Similarly, Hossack et 
al. developed a 2 MHz/4 MHz dual-layer ultrasound transducer for harmonic imaging [23]. 
In Hossack’s design, two 1-3 piezoelectric composite layers with the same thicknesses of 
440 μm and the same poling directions were bonded together. The two layers were then 
activated together to transmit at the fundamental frequency (2 MHz), while the top layer 
alone was used as the receiver of the second harmonic echo (4 MHz). Our group previously 
presented a prototype of a 2-element dual-layer bi-frequency transducer, which achieved a 
wide bandwidth, ranging from 5 MHz to 20 MHz [24]. This dual-frequency transducer 
consisted of two layers of PZT-5H piezoelectric 1-3 composites with the same aperture sizes 
and thicknesses of 100 μm. The transducer was designed to operate in two different modes: 
(1) a high frequency mode, where only the top piezoelectric layer was the active layer, and 
(2) a low frequency mode, where both piezoelectric layers were activated electrically in 
parallel to achieve a lower frequency.
In this paper, the design, fabrication, testing, and imaging experiments of a new 32-element 
bi-frequency co-linear array are reported. This array was designed to operate at two 
frequencies to achieve a broadband response, which can be applied in a range of biomedical 
ultrasound imaging applications. The array was fabricated using PZT-5H piezoelectric 1-3 
composite, followed by electrical and acoustic characterizations. Real-time phantom 
imaging was accomplished with a Verasonics Vantage system (Verasonics, Redmond, WA). 
In order to study the feasibility of fundamental, harmonic, and sub-harmonic imaging with 
this array, four different working modes, including: (1) transmit low, receive low (L/L 
mode), (2) transmit low, receive high (L/H mode), (3) transmit high, receive low (H/L 
mode), and (4) transmit high, receive high (H/H mode), were investigated and compared. 
Spatial resolutions of each working mode were estimated by using a wire target response 
method [25, 26].
II. Methods
A. Structure Design
The co-linear array was designed with a dual-layer structure and two center frequencies of 
7.5 MHz and 15 MHz, respectively (Figure 1a). To achieve "high frequency" (HF) mode, 
the top piezoelectric layer was activated alone, so that a high frequency wave could be 
transmitted or received (Figure 1b). To achieve "low frequency" (LF) mode, the top layer 
and bottom layer of each element were electrically activated in parallel by applying a signal 
between the ground and the shorted top/bottom layers of each element to obtain a lower 
frequency wave (Figure 1c). Further details of the wire connections are reported in our 
previous work [24]. This co-linear array works in four different modes: a) L/L mode, where 
both transmitting and receiving are conducted with both layers at the low frequency; b) H/H 
mode, where both transmitting and receiving are conducted with only the top layer at the 
high frequency; c) L/H mode, where the wave is transmitted with both layers at the low 
frequency and the echo is received with the top layer at the high frequency; and d) H/L 
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mode, where the wave is transmitted with the top layer at the high frequency and the echo is 
received with both layers at the low frequency.
In the dual-layer transducer design, the two active layers cannot be bonded together directly. 
Otherwise alias echoes will be generated, which can shift the resonant frequencies of both 
layers and impact the bandwidth [27]. Therefore, a frequency-selective isolation layer with a 
low acoustic impedance, implemented as a quarter wavelength anti-matching layer of the 
selected frequency, was placed in between the two piezoelectric layers, in order to isolate 
the top layer from the bottom layer in the HF mode [28]. This isolation layer did not 
significantly affect the LF mode because the isolation layer was thin compared to the 
wavelength of the LF mode [29]. The isolation layer thickness and the material selection, as 
well as the pulse-echo responses of both frequency modes, were designed using the KLM 
model [30]. The isolation layer was achieved by controlling the bonding layer thickness, and 
it was used to bond the two piezoelectric layers together [31]. In order to increase the 
bandwidth, a PZT-5H piezoelectric 1-3 composite was used in the configuration. The 
acoustic field, with beam focusing and steering for both frequencies, was simulated by using 
the Field II program [32, 33]. Further details of the design and simulation can be found in 
our previous work [34, 35].
B. Transducer Fabrication
A PZT-5H/epoxy (Epo-tek 301, Epoxy Technology, US) 1-3 composite with a ceramic 
volume fraction (CVF) of 64% was used as active material in the transducer. To construct 
the 1-3 composite, a dice-and-fill process was used. Once the composite pieces were lapped 
to the designed thickness, both sides were deposited with a layer of Ti/Au (10nm/100nm).
Two 100 μm PZT-5H piezoelectric 1-3 composite layers with gold sputtered on both sides 
were prepared first. The top surface was then diced to form the electrode pattern. To achieve 
the dual-layer structure, two active layers were bonded together back to back, and two flex 
circuits were used for the interconnect assembly. After being bonded with the matching 
layer and the flex circuits, the assembly was encased in a plastic housing and filled with 
backing material. Printed circuit board (PCB) with a commercial connector (53748-0408, 
Molex Inc., Lisle, IL) was used for cable wiring between the flex circuits and the standard 
connector (DL260, ITT Corporation, Santa Ana, CA) of the Verasonics system.
C. Transducer Characterization
The co-linear array was characterized by measuring the capacitance of each element, pulse-
echo responses, and beam focusing/steering profiles. Capacitance and dielectric loss of each 
element were measured using an impedance analyzer (Agilent 4294A, Agilent 
Technologies, Santa Clara, CA). Center frequency and loop sensitivity were obtained by 
measuring the pulse-echo response of the array elements using a Pulser/Receiver (Olympus 
5077 PR, Olympus Corp, Newton, MA) and an oscilloscope (Agilent DSO7014B, Agilent 
Technologies, Santa Clara, CA). The voltage of the applied pulse was set to be 100 V during 
the pulse-echo test. A steel block was placed in front of the co-linear array at a distance of 5 
mm to serve as a reflection target in a water tank.
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Beam focusing and steering were tested with a Verasonics Vantage system, a hydrophone 
(HGL-0200, ONDA, Co., Sunnyvale, CA), and the Labview program (National Instruments 
Corporation, Austin, TX). Both the LF and the HF transmitting modes were tested, with the 
HF set at 15.6 MHz and the LF set at 7.8 MHz, based on the frequency settings available on 
the Verasonics system. The scanning area was programmed to be 27 mm by 20 mm, with a 
step of 0.25 mm in both the axial and lateral directions. For display, beam plots were 
upsampled by a factor of 10 using spline interpolation.
D. Phantom Imaging
Phantom imaging using the prototyped 32-element co-linear array was conducted with the 
Verasonics system. B-mode images were rendered using the proprietary Verasonics 
beamforming algorithm, and the raw RF data was saved to the hard drive of the computer.
A multi-purpose multi-tissue ultrasound phantom (Model 040, CIRS Inc., Norfolk, Virginia, 
USA) was used as the target to evaluate the axial and lateral resolution of the co-linear array 
transducer. This is a tissue-equivalent test object with an attenuation coefficient of 0.5 dB/
cm•MHz. The wire targets consisted of six pairs of 0.1 mm diameter parallel wires. Each 
pair of wires was spaced vertically by 0.5, 1, 2, 3, 4 and 5 mm intervals (± 0.2 mm) at a 
depth of 25 mm from the transducer surface (Figure 2).
The 32 element bi-frequency co-linear array transducer that was connected to the Verasonics 
system was placed on top of the commercial phantom to obtain real-time S-scan imaging in 
a range of 0 to 30 mm in depth with a steering angle of 30°. A detachable scanning well was 
installed on the testing surface of the ultrasound phantom during the phantom imaging test. 
The detachable scanning well was filled with water for acoustic coupling between the co-
linear array transducer and the test phantom.
All four operation modes, including the L/L mode, the H/H mode, the L/H mode, and the 
H/L mode, were tested in the phantom imaging experiment. First, the axial resolution of the 
different modes was qualitatively estimated from the B-mode imaging directly by observing 
the overlap between wire targets. Then, the axial and lateral resolutions were calculated 
quantitatively from the beam width of the wire target responses. The penetration depths of 
all four modes were studied by measuring the backscatter SNR in the phantom with a focal 
depth of 25 mm [36]. The "signal" was collected at 25.4 V excitation and the "noise" was 
collected at 1.6 V excitation, which is the lowest voltage supplied by the Verasonics system.
The Verasonics sampling frequency (quadruple of the base frequency) was set to be 62.5 
MHz (15.6 MHz as base frequency), which is the maximum frequency setting of our 
Verasonics System. Due to the frequency limitation of the Verasonics System, the transmit 
frequencies were set at 15.6 MHz for the HF excitation and 7.8 MHz for the LF excitation 
(half of the HF mode), respectively. The focal depth was set to be 25 mm, the same depth as 
the wire targets. The driving voltage of each element was set to be 25.4 V with a 2-cycle 
burst excitation, which is considered the safest driving amplitude for the array.
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III. Results
A. Transducer Design
Bandwidth—The frequencies of the different layers were designed to be 7.5 MHz and 15 
MHz, respectively. In order to isolate the top layer from the bottom layer in the HF mode, a 
frequency-selective isolation layer, which also functions as a bonding layer, made of Epo-
tek 301 (Epoxy Technology Inc, Billerica, MA) was used to bond the two piezoelectric 
layers. The thickness of the bonding layer was intended to be 10 μm by using the KLM 
model to achieve isolation while keeping a relatively low thickness. The aperture size of 
both active layers was 4 mm by 4 mm. The thickness of each piezoelectric layer was 100 
μm. Dimensions and acoustic properties of the active and passive layers are shown in Table 
I.
Figure 3 shows the predicted pulse-echo response of the co-linear array transducer from 
KLM model simulations. For the LF mode, the center frequency was 9.54 MHz, and the −6 
dB bandwidth ranged from 5.77 MHz to 13.3 MHz, resulting in a fractional bandwidth of 
77.9 %. For the HF mode, the center frequency was 15.7 MHz, and the −6 dB bandwidth 
ranged from 11.7 MHz to 19.8 MHz, a fractional bandwidth of 50.4%. These simulation 
results suggest that with this dual-layer design, a wide bandwidth in the range of 5 MHz to 
20 MHz can be achieved.
Beamforming (simulation)—The pitch of the array for both top and bottom layers was 
0.132 mm. The size in azimuth of each element was 0.112 mm and the size in elevation was 
4 mm. Figure 4 shows the acoustic field simulation results for the LF and HF operation 
modes of the co-linear array. The focal depth was set to be 15 mm, and the beam profile for 
the LF mode is shown in Figure 4a, where no grating lobes are present. Figure 4b shows the 
LF beam profile at a 15° steering angle away from the axis, with the grating lobe amplitude 
of −65 dB lower than that of the main lobe. For the HF beamforming without steering, the 
grating lobes are less than −40 dB (Figure 4c). In the case of a 15° beam steering angle, the 
amplitude of the grating lobe is still at the level of −45 dB (Figure 4d). Further beam 
steering results are summarized in Table II. In most cases, the grating lobe is more than −20 
dB lower than the main lobe, suggesting reasonable imaging performance with the designed 
pitch.
B. Characterization
A 32-element bi-frequency co-linear array transducer was prototyped at Blatek (Blatek Inc., 
State College, PA), as shown in Figure 5. Together with housing, the dimensions of the 
transducer were 18 mm × 12 mm × 10 mm. The flex circuits, PCB board, and additional 
wires were used for cable wiring between the elements and the Verasonics connector. 
Capacitance of each element, pulse-echo responses, and beam focusing/steering profiles 
were tested.
Capacitance measurement and pulse-echo responses—The mean (± standard 
deviation) capacitance of each element in the top layer was 165.41 pF ± 8.38 pF, and 
dielectric loss was 0.018 ± 0.003. The mean capacitance of elements in the bottom layer was 
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175.07 pF ± 5.33 pF, and dielectric loss was 0.015 ± 0.0022. Overall, the measured 
capacitance results supported the theoretical values for element capacitance (142 pF). Pulse-
echo results of both the LF mode and the HF mode are shown in Figure 6a and 6b. The 
average center frequency in the LF mode was measured to be 7.9 MHz ± 0.99 MHz. The 
average center frequency of the HF mode was measured to be 19.7 MHz ± 0.56 MHz. The 
−6 dB fractional bandwidth of the LF mode was 55.8% and the −6 dB fractional bandwidth 
of the HF mode was 31.8%. The loop sensitivity of the LF and HF modes were calculated 
from the pulse-echo data as −31.6 dB ± 2.61 dB and −35.7 dB ± 1.8 dB, respectively.
The results given above demonstrate that the co-linear array was able to achieve two 
different resonant frequencies (7.9 MHz and 19.7 MHz), however the bandwidth was not as 
wide as expected. This discrepancy was most likely the result of improper isolation between 
the two layers. While the isolation layer was designed to be 10 μm, the actual thickness of 
the isolation layer after production was only 2 μm. Although imperfect, the isolation layer 
was functional to some degree; KLM simulation showed that the −6 dB bandwidth of the HF 
mode with a 2 μm isolation layer was 30%, which supports the experimental result. A −6 dB 
bandwidth of the HF mode without an isolation layer was predicted to be only 24% (Figure 
7).
Beamforming (experimental)—Beam focusing and steering were tested using the 
Verasonics system to apply a 2-cycle signal to each element with time delay and then using 
a hydrophone to measure acoustic pressure. In the LF transmitting mode, the transmit 
frequency was set to be 7.8 MHz; while the frequency of the HF mode was set to be 15.6 
MHz. Figure 8a shows the beam profile of the LF transmitting mode. The −6 dB beam width 
when focusing at 15 mm was 0.725 mm. With a 15° steering angle during the LF 
transmitting mode, the grating lobe was −30 dB in amplitude compared to the main lobe 
(Figure 8b). In the HF mode, the −6 dB beam width at 15 mm was 0.375 mm (Figure 8c). 
The beam widths obtained from the acoustic mapping results (0.725 mm and 0.375 mm) 
were in good agreement with the simulated results (0.7 mm and 0.3 mm). With a 15° 
steering angle during the HF transmitting mode, a grating lobe occurred with an amplitude 
of −15 dB lower than the main lobe (Figure 8d). The experimentally-measured grating lobe 
levels of both the LF and HF configurations (−30 dB and −15 dB, respectively) were higher 
than those predicted in simulation (−65 dB and −45 dB, respectively). This reduced 
performance level is a result of cross-talk between adjacent elements which was not 
considered in the Field II simulation.
C. Phantom Imaging
The scan angle was set as ±30° to avoid the high grating lobes. Since the aperture size of the 
array was only 4 mm, the imaging area was limited. For resolution assessment, the right-
most wire target pair was positioned in the middle of the S-scan. With a 30° steering angle 
and 25 mm depth, we expected the lateral axis to extend only 1.4 cm from the center of the 
S-scan. Given that the wire targets were separated by 6 mm at most, only three out of six 
wire pairs were visible (those located at lateral positions: 0 cm, 0.6 cm, and 1.2 cm) since 
the fourth target was located at a lateral position of 1.8 cm. The axial distances between 
wires in each of these three pairs were 0.5 mm, 1 mm, and 2 mm, respectively.
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The S-scan imaging result of the L/L mode is shown in Figure 9a. Qualitatively, the first 
pair of wires (on the right) with a distance of 0.5 mm cannot be distinguished well; while the 
second pair with a vertical distance of 1 mm can be discriminated easily. As a result of the 
long pulse length of the low frequency signal, the axial resolution is between 0.5 mm and 1 
mm.
In the L/H mode, the first pair of wires (on the right) with a distance of 0.5 mm can be 
barely discriminated (Figure 9b). Therefore, the axial resolution of the L/H mode is between 
0.5 mm and 1 mm. The imaging result of the L/H mode is similar to the result of the L/L 
mode.
Figure 9c and 9d show the S-scan imaging results of the transducer array at the H/L mode 
and the H/H mode, respectively. For both modes, the first pair of wires with a distance of 0.5 
mm are clearly identifiable. The axial resolutions of both the H/L mode and the H/H mode 
are much better (< 0.5 mm) than the previous modes because of the much shorter transmit 
pulse length.
More accurate axial and lateral imaging resolutions in different modes were further 
calculated by analyzing the size of the wire target responses. Raw imaging data from S-
Scans were saved and processed with Matlab (MathWorks, Natick, MA.). Beam widths of 
wire target responses along the depth and azimuth direction were calculated separately to 
evaluate the axial and lateral resolutions. The axial and lateral wire target responses (with an 
angular position of −18° at 25 mm depth) of different modes are shown in Figure 10 (axial 
wire target responses) and Figure 11 (lateral wire target responses) in sequence.
For all four different imaging modes, −3 dB and −6 dB beam widths were calculated based 
on the wire target responses at 25 mm depth and are presented in Table III. High frequency 
signal (15.6 MHz) has the benefit of shorter wavelength and shorter pulse length. As 
expected, the H/H mode provided the highest spatial resolution of all four modes (0.36 mm 
in axial and 1.51 mm in lateral), while the L/L mode provided the lowest (0.56 mm in axial 
and 2.63 mm in lateral) because of its longer pulse length. Interestingly, the resolution of the 
H/L mode (0.41 mm in axial and 1.52 mm in lateral) was unexpectedly better than that of 
the L/H mode (0.5 mm in axial and 2.41 mm in lateral). One explanation for this could be 
that the transmit frequency of the H/L mode was two times higher than the transmit 
frequency of the L/H mode, which affected pulse length and axial resolution. On the other 
hand, the lateral resolution highly depends on the peak frequency component of the TX/RX 
echo, which in this experiment, was mainly affected by excitation frequency (Figure 12). 
Overall though, the results from the wire target characterization are in good agreement with 
the qualitative phantom imaging results.
The backscatter SNRs of all four modes were measured in the phantom to characterize the 
penetration depths (Figure 13). The backscatter SNR was calculated as the ratio of the high 
voltage (i.e. signal) to the low voltage (i.e. noise). Figure 13 shows that the penetration 
depths of the L/L mode and the L/H mode are larger than those of the H/H mode and the 
H/L mode. Because of the low-voltage limitations of the Verasonics system, the calculated 
backscatter SNRs are slightly underestimated.
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It must be noted that the wire-target resolution results represent the combined performance 
of both the transducer and the chosen beamformer, which in this work was the Verasonics’ 
pixel-based beamformer. Considering only the transducer, there were a number of factors 
that could have impacted resolution. First, the small aperture size resulted in a wide main 
lobe and poorer lateral resolution. Second, the pitch size was larger than the wavelength of 
the high frequency configuration, which may have resulted in larger grating lobes. Finally, 
cross talk between adjacent elements and an inaccurate alignment of two active layers would 
also induce grating lobes and improper focusing (wide main lobe), which may have 
impacted the SNR and resolution.
IV. Conclusion
In this paper, the design, fabrication, characterization and phantom imaging of a dual-layer 
bi-frequency co-linear array were presented and tested in four operating modes. To our 
knowledge, this is the first 1-3 composite co-linear bi-frequency array with the same 
aperture for both layers, making it suitable for batch fabrication.
Both electrical and acoustic element characterizations showed that elements perform 
consistently. This co-linear array can achieve two different resonant frequencies, 7.9 MHz 
with a bandwidth of 55.8 % and 19.7 MHz with a bandwidth of 31.8 %. The loop 
sensitivities of the LF mode and the HF mode were calculated from the pulse-echo data as 
−31.6 dB and −35.7 dB, respectively.
The axial resolution and lateral resolution of the L/L mode were characterized to be 0.45 
mm and 2.3 mm, respectively. The L/H mode provided an axial resolution of 0.35 mm and a 
lateral resolution of 1.73 mm. The axial resolution derived from the H/L mode was 0.3 mm, 
while the lateral resolution was 1.1 mm. For the H/H mode, the axial resolution was 0.28 
mm and the lateral resolution was 1 mm. As expected, the backscatter SNR of the L/L mode 
was better than that of the H/H mode, indicating a larger penetration depth in clinical 
imaging situations while the H/H mode provided better resolutions. This bi-frequency co-
linear array shows potential for use in wideband fundamental imaging and harmonic/sub-
harmonic imaging.
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Fig. 1. 
a) Schematic view of the 32-element co-linear array. b) HF mode (only top layer is active). 
c) LF mode (both layers activated in parallel).
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Fig. 2. 
Sketch of the commercial wire phantom.
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Fig. 3. 
Simulation of pulse-echo responses based on the KLM model. a) LF mode. b) HF mode.
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Fig. 4. 
Simulation of transducer beam profiles using the Field II program. All beam profiles were 
simulated with a 15 mm focus. a) Beam profile of the LF transmitting mode without any 
steering. b) Beam profile of the LF transmitting mode with a 15° steering angle. c) Beam 
profile of the HF mode without any steering. d) Beam profile of the HF mode and with a 15° 
steering angle. The color bar represents normalized magnitude in dB.
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Fig. 5. 
Photograph of the co-linear array.
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Fig. 6. 
Experimentally-measured pulse-echo results. a) LF mode. b) HF mode.
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Fig. 7. 
Pulse-echo response simulations of the high frequency layer by using the KLM model. The 
frequency domain has been normalized to the high frequency component (the second peak). 
a) −6 dB bandwidth of the HF mode without isolation layer is 24%. b) −6 dB bandwidth of 
the HF mode with a 2 μm isolation layer is 30%.
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Fig. 8. 
Beam profile mapping of the 32-element co-linear array. a) LF transmitting mode with no 
beam steering, focused at 15 mm. b) LF transmitting mode with 15° steering angle, focused 
at 15 mm. c) HF transmitting mode with no beam steering, focused at 15 mm. d) HF 
transmitting mode with 15° steering angle, focused at 15 mm. The color bar indicates 
normalized magnitude in units of dB.
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Fig. 9. 
Resolution test with a focal depth of 250 wavelengths (25 mm). a) L/L mode. b) L/H mode. 
c) H/L mode. d) H/H mode.
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Fig. 10. 
Axial wire target responses. a) L/L mode. b) L/H mode. c) H/L mode. d) H/H mode.
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Fig. 11. 
Lateral wire target responses. a) L/L mode. b) L/H mode. c) H/L mode. d) H/H mode.
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Fig. 12. 
Frequency plots of pulse/echo simulations with a 2-cycle sinusoid excitation for all four 
modes. The low and high frequency layers were modeled as bandpass filters with center 
frequency and bandwidth matched to our experimental measurements. The frequency 
response of the echo was determined by the Fourier transform of the filtered 2-cycle 
excitation waveform. a) L/L mode only has a low frequency component. b) L/H mode is 
dominated by the low frequency component. c) H/L mode is dominated by the high 
frequency component. d) H/H mode only has a high frequency component. These simulation 
results show that the resolutions of the reported bi-frequency transducer array are highly 
dependent upon the values of the excitation frequencies.
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Fig. 13. 
The backscatter SNR characterization in a phantom by using the Verasonics system. a) L/L 
mode. b) L/H mode. c) H/L mode. d) H/H mode. Red arrows indicate the depth at which the 
SNR drops below −6 dB. The results show that the L/L mode has a larger penetration depth 
than that of the H/H mode.
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TABLE I
DESIGN PARAMETERS OF THE DUAL-LAYER STRUCTURE
Backing
Layer
#1 Active
Layer
Isolation
Layer
#2 Active
Layer
Matching
Layer
Impedance
(MRayl) 4.48 18.2 2.85 18.2 5.2
Thickness
(μm) 3000 100 10 100 55
Attenuation
(dB/cm·MHz) 8 0.3 4.5 0.3 0.3
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TABLE II
BEAM PROFILE SIMULATION RESULTS
LF mode HF mode
−6 dB beam width at
15mm 0.7 mm 0.3 mm
Steering angle 15° 30° 40° 15° 30° 40°
Grating lobe (dB) −65 −55 −41 −45 −23 −16
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TABLE III
AXIAL AND LATERAL BEAM WIDTH MEASUREMENT RESULTS
−3 dB wire target response
(beam width)
−6 dB wire target response
(beam width)
Axial Lateral Axial Lateral
L/L mode 0.45 mm 2.3 mm 0.56 mm 2.63 mm
L/H mode 0.35 mm 1.73 mm 0.5 mm 2.41 mm
H/L mode 0.3 mm 1.1 mm 0.41 mm 1.52 mm
H/H mode 0.28 mm 1 mm 0.36 mm 1.51 mm
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